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Regulation of cytosolic pH and lactic acid release in mesangial
cells overexpressing GLUT1.
Background. Anaerobic glycolysis leads to the formation of
lactate and H and thus imposes a significant challenge on cyto-
solic acid/base regulation. Cytosolic acidification, on the other
hand, is known to inhibit flux through glycolysis and lactate
formation. To explore the interplay of cytosolic pH and glyco-
lysis, rat mesangial cells transfected with the glucose transporter
GLUT1 (GLUT1 cells) were compared with those transfected
with -galactosidase (LacZ cells).
Methods. In the presence of extracellular glucose, the glyco-
lytic rate was one order of magnitude higher in GLUT1 cells
than in LacZ cells. Cytosolic pH (pHi) was significantly higher
in GLUT1 than LacZ cells, an effect abolished in the presence of
Na/H exchange inhibitor ethylisopropylamiloride (1 mol/L).
Results. Addition of 40 mmol/L lactate led to marked cyto-
solic acidification, which was in both cell types blunted by
O-methyl-glucose (20 mmol/L) and completely abolished by
100 mol/L phloretin and 1 mmol/L p-chloromercuribenzene-
sulphonic acid (p-CMBS) and in LacZ cells only by glucose
(20 mmol/L). The functional characterization points to the in-
volvement of a lactic acid transporter from the monocarboxylate
transporter (MCT) family, particularly MCT1. Reverse tran-
scription-polymerase chain reaction (RT-PCR) indeed dis-
closed the expression of MCT1 and MCT2 in both GLUT1
and LacZ cells.
Conclusion. Overexpression of GLUT1 leads to cytosolic al-
kalinization of mesangial cells depending on functional Na/H
exchanger but not on Na independent H transport.
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The glycolytic degradation of glucose leads to the for-
mation of lactate, an acid with a pKa of 3.8 and thus
almost fully dissociated at normal cytosolic pH (pHi).
Thus, the glycolytic production of lactate concomitantly
generates H and thus imposes a significant challenge to
pHi homeostasis. Lactate may be released in the anionic
form through ion channels, leaving the H behind [1–3].
Alternatively, lactate is released by a cotransport with
H ions, allowing the disposal of both, lactate and H
[4–8]. The carriers mediating the cotransport of lactate
with H are the monocarboxylate transporters of the
MCT family [9].
Increased glucose uptake and glycolysis have been
linked to several biochemical pathomechanisms such as
proliferation of tumor cells or development of diabetic
late complications [10]. Recent studies have indicated
that glucose transporter 1 (GLUT1) is an important per-
missive factor for tissue injury caused by hyperglycemia
[11–13]. In mesangial cells, high ambient glucose concen-
trations induced GLUT1 activity and expression, facilitat-
ing increased glucose uptake and enhanced glycolysis [12].
Moreover, the overexpression of GLUT1 in rat mesan-
gial cells (GLUT1 cells) mimics the phenotype of dia-
betic nephropathy [13]. Mechanisms accomplishing the
regulation of pHi in mesangial cells have been defined
earlier [14, 15]. Specifically, it has been shown that in the
absence of CO2/HCO3 pH recovery following an acid load
(ammonium pulse) was dependent on the presence of Na
and inhibited by the Na/H exchange inhibitor ethyliso-
propylamiloride (EIPA), suggesting the involvement of the
Na/H exchanger [14]. In the presence of CO2/HCO3 ,
still one third of the net acid extrusion was sensitive to
EIPA but two thirds were sensitive to 4-acetamido-4-iso-
thiocyanostilbene-2,2-disulfonic acid (SITS). The SITS-
sensitive mechanism was partially dependent on the
presence of Na, suggesting the involvement of Na-
dependent and Na-independent Cl/HCO3 exchangers
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[4]. All three transport systems are stimulated by antidi-
uretic hormone (ADH).
The present study has been performed to test how the
GLUT1 cells cope with the challenge of stimulated flux
through the glycolytic pathway and how it might modify
pHi regulation. To this end, the GLUT1 cells were com-
pared with cells expressing -galactosidase (LacZ cells).
Lactate formation was indeed one order of magnitude
greater in GLUT1 cells than in LacZ cells. Additional
experiments revealed cytosolic alkalinization despite ex-
cessive glycolytic flux, a result dependent on functional
Na/H exchanger. Moreover, protons are released by
a cotransport with lactate via MCT1, which is expressed
in both GLUT1 and LacZ cells.
METHODS
Cell culture
Rat mesangial cells stably transfected with the human
GLUT1 transporter gene or with -galactosidase as con-
trol cells (LacZ) were cultured as described earlier [13].
The cells were kept in RPMI 1640 containing 15% fetal
calf serum (FCS) (Gibco, Eggenstein, Germany), 8 mmol/L
glucose, 2 mmol/L glutamine, 25 mmol/L HEPES, 100
U/mL penicillin, and 100 g/mL streptomycin. Both cell
types were cultured under identical conditions. For the
experiments, subconfluent cells have been used. Care was
taken that the level of confluency was similar in GLUT1
and LacZ cells. This is considered important as the rate
of cell proliferation may modify activity of the Na/H
exchanger [16]. Cell proliferation was not significantly
different in GLUT1 and LacZ cells. In a pilot series (N
3), the number of LacZ cells amounted to 3.8 0.4, 6.1
1.1, and 8.9 1.3 · 105/10 cm2, and the number of GLUT1
cells to 4.8  0.6, 8.5  1.4, and 10.7  1.3 · 105/10 cm2
at 1, 2, and 3 days after plating, respectively.
Experimental solutions and substances
Sucrose, 3-O-methyl-glucose, phloretin, and p-chloro-
mercuribenzene-sulphonic acid (p-CMBS) were from
Sigma Chemical Co. (Steinheim, Germany). Glucose was
from Merck (Darmstadt, Germany). As standard solution,
physiologic Ringer’s solution was used containing 125
mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2, 1.2 mmol/L
MgSO4, 2 mmol/L Na2HPO4, 32.2 mmol/L HEPES, and
5 mmol/L glucose, pH  7.4 at 37C. Where indicated,
24 mmol/L HCO3 was added, replacing 24 mmol/L Cl
and the solution was equilibrated with 5% CO2. No se-
rum was added. In the 0 Na solution (0 Na) NaCl was
replaced with N-methyl-d-glucamine-Cl (NMDGCl)
(Sigma Chemical Co.). NaHCO3 replaced by choline-
bicarbonate and 2 mmol/L Na2HPO4 omitted. In those
experiments, titration was made with Tris buffer. In the
NH4Cl solution, 20 mmol/L NaCl was replaced by 20
mmol/L NH4Cl.
Determination of glucose and lactate concentrations
In supernatants, glucose and lactate were measured
with Ektachem Vitros systems (Ortho-Clinical-Diagnos-
tics, Neckargmu¨nd, Germany).
Intracellular pH measurement
GLUT1 and LacZ cells were cultured on coverslips
overnight. Coverslips with subconfluent cells were trans-
ferred to a perfusion chamber and incubated in cell cul-
ture medium containing the pH-sensitive dye BCECF-
AM (10 mol/L) (Molecular Probes, Eugene, OR, USA).
After 10 minutes’ incubation, the perfusion chamber was
transferred to an inverted microscope (Axiovert Zeiss,
Oberkochen, Germany) and attached to a free-flow per-
fusion system that allowed rapid exchange of the super-
fusate. Solutions were maintained at 37C during the
course of the experiments. Once focused on the stage
of the microscope under 40	 magnification, cells were
washed with Ringer’s solution to remove de-esterified
dye. After washing, areas of interest were identified with
a custom-made high-speed ratiometric program and these
areas along with the images were recorded to a hard
disk. Cells were excited with 490 and 440 nm light while
monitoring the emission at 535 nm. The ratiometric emis-
sion of 490/440 was used to calculate pHi after calibration
using the high K/nigericin technique [17].
Acid loading
Cells were exposed to a solution containing 20 mmol/L
NH4Cl leading to marked alkalinization of pHi due to
entry of NH3 and binding of H to form NH4Cl. Follow-
ing equilibration of the cells for about 10 minutes, NH4Cl
was removed, which led to cytosolic acidification due to
exit of NH3 and cellular retention of H. In the absence
of HCO3 /CO2, subsequent recovery of pHi largely de-
pended on the presence of Na in the bath solution.
Calculation of buffer capacity
The acidification of pHi upon removal of ammonia
allowed to calculate the mean intrinsic buffering power
of the cells [18], assuming that NH4 and NH3 are in
equilibrium in cytosolic and extracellular fluid and that
ammonia leaves the cells as NH3:
  
[NH4 ]i/
pHi
where 
pHi is the decrease of pHi following ammonia
removal and 
[NH4 ]i the decrease of cytosolic NH4
concentration, which is identical to the concentration of
NH4 immediately before the removal of ammonia. Given
the dissociation constant (pK) for NH4 /NH3 of 8.9 [14],
an extracellular pH (pH0) of 7.4 and the NH4 concentration
in extracellular fluid ([NH4 ]0) of 19.37 ([20/(110pHo-pK)]:
[NH4]i  19.37 · 10pHo-pHi).
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Reverse transcription-polymerase chain
reaction (RT-PCR)
Total RNA was isolated with RNeasy Mini Kit (Qia-
gen, Hilden, Germany) following the manufacturer’s in-
structions. One microgram RNA was reversed transcribed
into cDNA using Advantage RT-for-PCR Kit (Clontech,
Palo Alto, CA, USA). The oligonucleotides used for
amplification of MCT isoforms were: rMCT1, 5-TGT
TGC GAA TGG AGT GTG CC-3 (sense), 5-CCG
CTT TCT GTT CTT TGG CC-3 (antisense) amplicon
length, 353 bp; rMCT2, 5-TGG CAA TCA TGT TCA
CTG GCA-3 (sense), 5-GGC TGA TTT CTT CCT
CCT TGC TT-3 (antisense) amplicon length, 385 bp;
MCT4 (GenBank accession number U59185), 5-TGC
GGC CCT ACT CTG TCT AC-3 (sense), 5-TCT TCC
CGA TGC AGA AGA AG-3 (antisense) amplicon
length, 369 bp.
MCT primers (0.6 pmol) were added to 50L reaction
solution containing 50 mmol/L KCl, 10 mmol/L Tris-
HCl, pH 8.4, 15 mmol/L MgCl2, 2 mg/mL bovine serum al-
bumin (BSA), and desoxynucleoside triphosphate (dNTP)
mix, each 0.2 mmol/L. The mixture was denaturated at
94C for 2 minutes, followed by 36 cycles, each consisting
of denaturation at 94C for 35 seconds, annealing at
57.2C for 35 seconds, and extension at 72C for 45 sec-
onds. After a final extension at 72C for 4 minutes, sam-
ples were kept at 15C. PCR products were then resolved
by electrophoresis in 2.5% agarose (Boehringer, Ingel-
heim, Germany) and recorded by a digital camera.
Statistics
Data are expressed as arithmetic means  SEM and
statistical analysis was made by paired or unpaired t test,
where appropriate. A P 0.05 was considered as statisti-
cally significant.
RESULTS
Expression of GLUT1 stimulates flux through glycolysis
In glucose (8 mmol/L) containing media both GLUT1
overexpressing mesangial cells and control cells (LacZ)
consumed glucose (Fig. 1A) and produced lactate (Fig.
1B). In GLUT1 cells, however, the glucose consumption
and lactate production were significantly higher than in
the LacZ cells. The stimulation of glycolysis by over-
expression of GLUT1 suggested that glucose uptake was
rate limiting for glucose utilization under the conditions
studied.
Cytosolic alkalinization in GLUT1 cells
Although GLUT1 cells produced significantly more
lactate than the LacZ control cells, the pHi was more
alkaline in those cells. pHi approached a value of 7.50 
0.06 (N  33) in GLUT1 cells and of 7.22  0.05 (N 
Fig. 1. Effect of glucose transporter 1 (GLUT1) expression on glycoly-
sis and cytosolic pH (pHi). Glycolysis is increased in GLUT1-transfected
cells as compared to that in control cells containing -galactosidase
(LacZ). Accordingly, the decrease of medium glucose concentration
(A ) and the increase of medium lactate concentration (B ) were signifi-
cantly larger in GLUT1 cells as compared to LacZ cells (arithmetic
means  SEM, N  3). (C ) On the other hand, pHi was significantly
higher in GLUT1 than in LacZ cells (arithmetic means  SEM, N 
8 to 14). *P  0.05; **P  0.01.
49) in LacZ cells. In both cell lines, pHi decreased at 72
hours of plating when confluency was reached. However,
the pH was significantly higher in GLUT1 cells regard-
less of the day after plating (Fig. 1C).
Na-independent pHi regulation
To estimate Na-independent pHi regulation, the pHi
recovery from an ammonium pulse in the absence of extra-
cellular Na was studied (Fig. 2). Addition of 20 mmol/L
NH4Cl (replacing 20 mmol/L NaCl) led to an increase
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of pHi to 7.83  0.09 (N  15) in GLUT1 cells and to
7.68  0.09 (N  14) in LacZ cells (Fig. 2 A and B).
The subsequent replacement of Na by NMDG and
removal of NH4Cl led to a rapid decrease of pHi to 6.34
0.03 (N  15) in GLUT1 cells and to 6.33  0.03 (N 
14) in LacZ cells (Fig. 2 A and B). Under Na-free
conditions, pH increased with a rate of 
pH  0.076 
0.008 (N  9) in GLUT1 cells and 
pH  0.066  0.010
(N  8) in LacZ cells, values not significantly different
(Fig. 2E). As illustrated in Figure 2 C and D, the Na-
independent pH regulation was fully inhibited by treat-
ment with 2 mol/L bafilomycin A1, a specific inhibitor
of the H adenosine triphosphatase (ATPase) [19].
Na-dependent pHi regulation
To test for a role of Na-dependent pHi regulation,
GLUT1 and LacZ cells were exposed to Na-free extra-
cellular fluid. As shown in Figure 3 A and B, removal
of Na (replaced by NMDG) led to a rapid decrease
of pHi in GLUT1 cells (to 7.08  0.12, N  5) and LacZ
cells (to 6.94  0.18, N  5). Readdition of Na led to
a rapid realkalinization of 1.582  0.260 pH/min (N 
5) in GLUT1 cells, which was significantly (P  0.05)
faster than in LacZ cells (0.982 0.159 pH/min) (N 5)
(Fig. 3C). Na-dependent recovery after an ammonium
chloride pulse is shown in Figure 4 A and B. Readdition
of Na after the removal of NMDG increased pH by
0.84  0.09 pH/min (N  9) in GLUT1 cells and by
0.58 0.06 pH/min (N 8) in LacZ cells. Again, GLUT1
cells showed a significantly (P 0.05) faster pH recovery
(Fig. 4E). As illustrated in Figure 4 C to E, the Na-
dependent pH regulation was fully inhibited by treat-
ment with 0.1 or 2 mol/L EIPA, an inhibitor of the
Na/H exchanger [20]. Following a 3-hour treatment
with EIPA, pHi was no more significantly different be-
tween GLUT1 cells (pHi  6.78  0.10, N  6) and
LacZ cells (pHi  6.77  0.08, N  5), indicating that
the difference depended on functional Na/H exchanger.
In the presence of bicarbonate, the realkalinization in
the presence of Na was no more significantly different
in GLUT1 cells as compared to LacZ cells (Fig. 5). In
Fig. 2. Na-independent recovery of cytosolic pH (pHi). Alterations
of pHi following an ammonium pulse and subsequent removal of extra-
cellular Na. In both glucose transporter 1 (GLUT1)-transfected cells
and control cells containing -galactosidase (LacZ), addition of NH4Cl
led to cytosolic alkalinization and subsequent removal of NH4Cl to
cytosolic acidification. In the absence of extracellular Na, pH recovery
(pHi) was slow and not significantly different between GLUT1 and
LacZ cells. Typical original tracings of pHi in LacZ cells (A ) and GLUT1
cells (B ). Na-independent realkalinization was blunted by 2 mol/L
bafilomycin A1. Original tracing of pHi in LacZ cells (C ) and in GLUT1
cells (D ). Arithmetic means  SEM (N  4 to 10) of pHi recovery
following an ammonium pulse in the absence of extracellular Na (
pHi)
in untreated and bafilomycin A1 (2 mol/L) pretreated cells (E ).
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Fig. 3. Na-dependent recovery of cytosolic pH (pHi). Alterations of
pHi following removal and readdition of extracellular Na. In both
glucose transporter 1 (GLUT1)-transfected cells and control cells con-
taining-galactosidase (LacZ), pHi declined following removal of extra-
cellular Na. Readdition of Na led to rapid realkalinization, which
was significantly faster in GLUT1 than in LacZ cells. Typical original
tracings of pHi in LacZ cells (A ) and in GLUT1 cells (B ). Arithmetic
means  SEM (N  5) of pHi recovery upon readdition of Na (
pHi)
(C ). *P  0.05.

Fig. 4. Na-dependent recovery of cytosolic pH (pHi) after an ammo-
nium pulse in -galactosidase (LacZ) cells (A ) and in glucose trans-
porter 1 (GLUT1) cells (B ). Na-dependent pHi recovery after an
ammonium chloride pulse when 2 mol/L ethylisopropylamiloride
(EIPA) was added to all solutions in LacZ cells (C) and in GLUT1 cells
(D). Arithmetic means  SEM (N  4 to 10) of pHi recovery upon
readdition of Na (
pHi) in EIPA-free and EIPA-containing solutions
(0.1 or 2 mol/L) (E ). Alkalinization rate was significantly higher in
untreated GLUT1 cells than in LacZ cells. *P  0.05.
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Fig. 5. Na-dependent recovery of cytosolic pH (pHi) in the presence
of CO2/HCO3 , effect of 4-acetamido-4-isothiocyanostilbene-2,2-disul-
fonic acid (SITS). Na-dependent recovery after an ammonium chloride
pulse in -galactosidase (LacZ) cells (A ) and in glucose transporter 1
(GLUT1) cells (B) in the presence of CO2/ HCO3. Arithmetic means 
SEM (N 7) of pHi recovery upon readdition of Na (
pHi) in presence
and absence of SITS (1 mmol/L) (C ).
the presence of SITS (1 mmol/L), the realkalinization
was decreased from 1.08  0.15 (N  7) to 0.53  0.04
(N  6) in GLUT1 cells and from 0.89  0.10 (N  7)
to 0.42 0.03 (N 6) in LacZ cells. The SITS-insensitive
but not the SITS-sensitive realkalinization was signifi-
cantly (P  0.05) faster in GLUT1 cells than in LacZ
cells.
Buffering power
The effect of an ammonium pulse on pHi allowed
to calculate the buffering power. The buffering power
estimated from the acidification upon removal of NH4 /
NH3 amounted in the absence of HCO3 /CO2 to 18  7
mmol/L/pH unit (N  18) in GLUT1 cells and to 28 
8 mmol/L/pH unit (N  18) in LacZ cells.
In both GLUT1 and LacZ cells, lactate transport is
coupled to H
To test whether GLUT1 and/or LacZ cells express a
lactate/H cotransport system, the cells were exposed to
40 mmol/L lactate (replacing chloride). The addition of
lactate led to a rapid decline of pHi approaching 1.33 
0.13 pH/min (N  6) in GLUT1 cells and 1.21  0.13
pH/min (N  8) in LacZ cells (Fig. 6). The values were
not significantly different between GLUT1 and LacZ
cells, suggesting that the lactate transport capacity was
not altered by GLUT1 overexpression. Similar to lactate,
addition of 40 mmol/L pyruvate decreased pHi by 1.14 
0.15 pH/min (N  4) in LacZ cells. Replacing Na with
Tris did not alter the pHi decrease in LacZ cells (1.15 
0.55 pH/min, N  4) (Fig. 4C).
Lactate transport displays functional properties of
MCT1 and MCT2
Additional experiments were performed in LacZ cells
to further define the identity of the lactate transport
system. A dose-response curve (Fig. 7A) yielded a con-
centration of half maximal acidification (Km) of 4.9 
1.1 mmol/L (N  3), indicating a low-affinity MCT iso-
form. The lactate-induced cytosolic acidification was a
function of extracellular pH (i.e., it was enhanced by
acidic bath and blunted by alkaline bath solution) (Fig.
7B). The magnitude of peak acidification was similarly
enhanced by acidic extracellular pH and decreased by
alkaline extracellular pH (Fig. 7C). As shown in Figure
6C, the lactate-induced cytosolic acidification proved to
be insensitive to the addition of 20 mmol/L sucrose
(1.64  0.33, N  4 in GLUT1, 1.15  0.18, N  4
in LacZ) and 20 mmol/L sorbitol (1.24  0.21, N  4
in GLUT1, 1.08  0.14, N  4 in LacZ), but was
inhibited significantly by 20 mmol/L 3-O-methyl-glucose
(0.60  0.11, N  4, in GLUT1 and 0.76  0.09, N 
4, in LacZ), 100 mol/L phloretin (0.29  0.09, N 
4, in GLUT1 and 0.16  0.01, N  4, in LacZ) and
p-CMBS (0.22  0.04, N  4, in GLUT1 and –0.07 
0.04, N  4, in LacZ) (Fig. 6C). Sensitivity of lactate
flux to phloretin and p-CMBS was significantly smaller
in GLUT1 cells as compared to LacZ cells (Fig. 6). In
the presence of glucose (20 mmol/L), the lactate-induced
cytosolic acidification was blunted in LacZ cells (0.69
0.07, N  4) but not in GLUT1 cells (1.29  0.11, N 
4). The sensitivity of two cell lines to the effect of glucose
was significantly different.
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Fig. 6. Lactate-induced cytosolic acidification.
Alterations of cytosolic pH (pHi) following
addition of 40 mmol/L lactate. In both glucose
transporter 1 (GLUT1)-transfected cells and
control cells containing-galactosidase (LacZ),
addition of lactate led to cytosolic acidifica-
tion, which was not significantly different be-
tween GLUT1and LacZ cells. Original trac-
ings of pHi in GLUT1 cells (A ) and LacZ cells
(B ). Arithmetic means  SEM (N  4) of
lactate-induced cytosolic acidification (
pHi)
in the absence (control) or presence of sucrose
(20 mmol/L), sorbitol (20 mmol/L), O-methyl-
glucose (o-m-glu) (20 mmol/L), glucose (20
mmol/L), phloretin (100 mol/L), and chloro-
mercuribenzene-p-sulphonic acid (p-CMBS)
(1 mmol/L) (C ). *Significant difference to
acidification in the absence of inhibitors (con-
trol) (P  0.05); # Significant difference of
acidification between GLUT1 and LacZ cells
(P 0.05); **P 0.01; ## P 0.01. Downward
deflection indicates acidification.
Prior to the addition of lactate no significant change
of pHi was observed upon addition of sucrose, sorbitol,
3-O-methyl-glucose, glucose, or p-CMBS. Addition of
100 mol/L phloretin, however, led to a significant de-
crease of pHi to 6.94  0.16 (N  4) in GLUT1 cells
and to 6.60  0.06 (N  4) in LacZ cells.
Both GLUT1 and LacZ cells express MCT1 and MCT2
In order to investigate which MCT isoforms were ex-
pressed in GLUT1 and LacZ cells, we performed RT-
PCR with primers specific for rat MCT1, MCT2, and
MCT4. As shown in Figure 8, both cell lines expressed
MCT1 and MCT2, while MCT4 was not detected in
either GLUT1 or LacZ cells.
DISCUSSION
The present study reveals that the overexpression of
GLUT1 leads to a profound increase of glucose con-
sumption and lactate production. Apparently, glucose
uptake is rate-limiting for the flux through the glycolytic
pathway under the experimental conditions studied.
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Fig. 7. Kinetics and extracellular pH (pHo) dependence of lactate-
induced cytosolic acidification. (A ) Concentration-dependent increase
of lactate-induced acidification (
pHi/min) as a function of lactate con-
centration. (B ) Lactate-induced rate of acidification (
pHi/min) as a
function of pHo, arithmetic means  SEM (N  4). (C ) Magnitude of
peak lactate-induced acidification (
pHi) as a function of pHo, arithme-
tic means SEM (N 4). Downward deflection indicates acidification.
Abbreviations are: GLUT1, glucose transporter 1; LacZ, -galactosidase.
If the lactate thus produced were to be released at
least partially through anion channels [1–3], H would
be left behind. In contrast, if lactate would leave the cell
mainly through the lactate transporter MCT, then both
lactate and H would be extruded [9].
Despite the enhanced flux through glycolysis, the pHi
was more alkaline in GLUT1 cells than in LacZ cells.
Enhanced glycolysis per se does not result in a net gain
of H, as long as the H generating ATP hydrolysis is
tightly coupled to H consuming processes [21, 22]. Only
if ATP hydrolysis is uncoupled from H consuming pro-
cesses, H will be generated. When ATP is formed by
Fig. 8. Expression of monocarboxylate transporter (MCT1) in glucose
transporter 1 (GLUT1) and -galactosidase (LacZ) cells. Reverse tran-
scription-polymerase chain reaction (RT-PCR) with primers for MCT1,
MCT2 and MCT4 disclosed expression of MCT1 and MCT2 RNA
in both GLUT1 and LacZ cells. Each experiment was performed as
duplicate.
glycolysis rather than by mitochondrial metabolism or
creatine phosphate break down, the protons arising from
its hydrolysis are not consumed [21]. In any case, the
more alkaline pH of GLUT1 most likely reflects en-
hanced H extrusion. Both GLUT1 and LacZ cells ex-
press in the absence of HCO3 /CO2 Na-dependent and
Na-independent H extrusion mechanisms (i.e., Na/H
exchanger [23, 24] and H ATPase [25–27]). While Na-
independent H extrusion appeared unaffected, the Na-
dependent and SITS insensitive realkalinization was sig-
nificantly more rapid in GLUT1 cells. However, the ac-
celerated realkalinization may have been due to reduced
buffering power in GLUT1 cells. If the buffering power
is accounted for in the calculation of acid extrusion, then
there is no significant difference of H extrusion between
GLUT1 cells and LacZ cells. The difference in buffering
power points to additional factors not addressed in this
study, such as the potential dilution of cellular proteins
due to enhanced content of small solutes and water. On
the other hand, the difference in pHi is dissipated in the
presence of EIPA, an inhibitor of Na/H exchanger
activity. Accordingly, the difference of pHi regulation
between GLUT1 and LacZ cells is most likely due to
altered set point or activity of the Na/H exchanger.
It is noteworthy that GLUT1 overexpression leads to
stimulation of protein kinase C [28], which is well known
to stimulate the Na/H exchanger [29–31]. Moreover,
high extracellular glucose concentrations, which are known
to stimulate GLUT1 expression [12], have been shown
to activate the Na/H exchanger in mesangial cells [32].
However, the specific molecular mechanisms coupling
glucose uptake to Na/H exchanger activity remains
undefined.
In porcine proximal tubular (LLC-PK1) epithelial
cells, cyclosporine A was reported to increase GLUT1
expression without significant change of pHi [33]. Those
experiments are not comparable to our study, as we
used nonepithelial cells and did not induce cell injury.
Nevertheless, the results of this study indicate that in-
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creased GLUT1 expression is not invariably linked to
altered pH regulation.
Both cell types, GLUT1 cells and LacZ cells, express
abundant levels of the lactate/H cotransporter allowing
the disposal of H together with lactate. It should be
kept in mind, however, that in tissues the clearance of
lactate from the extracellular space via blood flow may
become rate-limiting and that in face of decreasing extra-
cellular pH, the pHi regulating transport systems are
required for the maintenance of pHi constancy [34]. In
this situation, enhanced activity of the Na/H exchanger
may become crucial for pH homeostasis of the cell.
Lactate/H cotransport could be accomplished by mem-
bers of the MCT family [9]. The members of the MCT
family may be discriminated functionally by their different
substrate affinities and inhibitor sensitivities [4, 6, 35]. The
low apparent affinity (high Km) of lactate flux (4.9  1.1
mmol/L) (see Fig. 7A) would point to MCT1 which has
been shown to have a similarly high Km of 3.5  0.4
mmol/L [4], whereas the Km of MCT2 has been reported
to be as low as 0.7  0.1 mmol/L [35]. Moreover, the
sensitivity of lactate flux to p-CMBS points to MCT1, as
MCT2 has been reported to be p-CMBS insensitive [35].
Both MCT1 and MCT2 are sensitive to phloretin [35].
Expression of MCT1 transcripts could indeed be confirmed
by RT-PCR. The same method detected transcripts of
MCT2. However, low affinity and strong p-CMBS sensi-
tivity would suggest that MCT2 does not contribute a
major fraction to lactate flux. Notably, albeit a minor
fraction, the p-CMBS–insensitive fraction of lactate-
induced acidification is significantly larger in GLUT1
cells; moreover, a significant difference between GLUT1
and LacZ cells is observed in glucose sensitivity of lac-
tate-induced acidification. Whether or not this difference
reflects different expression of carriers or altered regula-
tion remains uncertain.
CONCLUSION
The overexpression of the glucose transporter GLUT1
in rat mesangial cells leads to a profound increase of
glucose uptake and utilization with enhanced flux through
the glycolytic pathway. The lactate thus formed may
exit through the high-capacity transporter MCT1. More
important, however, H extrusion is accomplished by
the Na/H exchanger, which maintains a more alkaline
pH in GLUT1 cells despite enhanced flux through the
glycolytic pathway.
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